In the search for effective treatments for diabetes mellitus, vanadium compounds have been found to exert pronounced insulinomimetic effects [1] . These include the normalization of perturbations in glucose metabolism in diabetic animals [2, 3] . Recently, a similar effect was also reported in non-insulin-dependent diabetic subjects [4] . In addition to their insulin-like effects, these compounds can also amplify insulin action and improve insulin resistance [1, [5] [6] [7] . Moreover, since insulin signalling involves tyrosine phosphorylation at several levels, the ability of vanadium compounds to inhibit phosphotyrosine phosphatases (PTP) has been widely used to elucidate mechanisms of insulin action [8, 9] . In spite of extensive studies in animals, the cellular action of vanadium compounds in humans, both healthy and insulin-resistant, still needs to be further clarified. This was also suggested by work in our laboratory showing that peroxovanadate (pV), but Diabetologia (1997) Summary We studied the effects of insulin and the stable peroxovanadate compound potassium bisperoxopicolinatooxovanadate (bpV(pic)), a potent inhibitor of phosphotyrosine phosphatases, on lipolysis and glucose uptake in subcutaneous adipocytes from 10 male patients with non-insulin-dependent diabetes mellitus (NIDDM) and 10 matched non-diabetic control subjects. Lipolysis stimulated by isoprenaline or the cAMP analogue, 8-bromo-cyclic AMP (8-brcAMP), was reduced by approximately 40 % in NIDDM compared to control subjects. In both groups bpV(pic) exerted an antilipolytic effect that was similar to insulin (∼ 50 % inhibition).
not vanadate, has insulin-like effects in human adipocytes [10] .
Diabetes is typically characterized by hyperglycaemia and is often associated with hyperlipidaemia, i. e. high levels of non-esterified fatty acids and triglycerides [11] . A failing insulin effect on glucose uptake and lipolysis in insulin-sensitive tissues may be partly responsible for these abnormalities. However, previous studies suggest that glucose uptake and lipolysis are not equally involved in cellular insulin resistance [12, 13] . Resistance to the antilipolytic effect of the insulin in NIDDM is not a consistent finding [12, [14] [15] [16] . Among possible cellular mechanism causing insulin resistance in diabetes, an impaired tyrosine phosphorylation of the insulin receptor has been suggested as being important. This is mainly based on the observed association between impairments in tyrosine phosphorylation and insulin action [17] . In order to further evaluate the causality, a direct reversal of the impaired tyrosine phosphorylation in order to observe the consequence is another possible approach. In this study we investigated the effects of insulin and the stable peroxovanadate compound bpV(pic) [8] on lipolysis and glucose uptake in adipocytes from NIDDM patients. Since bpV(pic) causes a potent tyrosine phosphorylation of cellular proteins [18] , its effects on insulin action with respect to glucose uptake in NIDDM adipocytes were also examined. m Ci/mmol) and ECL (enhanced chemiluminescence) kit together with a monoclonal horseradish peroxidase-labelled antibody were purchased from Amersham (Amersham, Bucks., UK). [g- 32 P]ATP (specific activity 3 Ci/mmol) was from Du Pont (Geneva, Switzerland). Isoprenaline, 8-br-cAMP, bovine serum albumin (BSA; fraction V) and collagenase were from Sigma Chemical Co. (St. Louis, Mo., USA). Adenosine deaminase (ADA), N 6 -(Rphenylisopropyl) adenosine (PIA) and glycerokinase were from Boehringer Mannheim (Mannheim, Germany). Medium 199 was obtained from Gibco BRL, Life Technologies (Paisley, UK). A monoclonal mouse antiphosphotyrosine antibody was from UBI (Lake Placid, N. Y., USA). Human monocomponent insulin was purchased from Novo Nordisk (Copenhagen, Denmark). bpV(pic) was prepared as previously reported [8] and was kindly provided by Dr. Alan Shaver (Department of Chemistry, McGill University, Montreal, Canada).
Subjects, materials and methods
Subjects. We recruited 10 male NIDDM patients in good metabolic control and 10 male non-diabetic control subjects matched pairwise for age and body mass index. The major clinical and laboratory features of subjects are given in Table 1 . In each group there were six obese subjects (body mass index > 27 kg/ m 2 ). The average duration of diabetes was 3.3 ± 1.6 years. The NIDDM subjects were treated with diet alone (n = 2) or together with oral antidiabetic medication (n = 8; sulphonylurea 5, metformin 1, both 2). No patient was treated with insulin. All patients had normal blood pressure, kidney and liver function and they had no endocrine disease other than diabetes. All participating subjects gave their informed consent, and the study was approved by the ethics committee of the University of Gö -teborg.
Needle biopsies and isolation of adipocytes. Needle biopsies (∼ 2 g) of abdominal subcutaneous fat tissue were performed after breakfast at 08.00-09.00 hours. The fat tissue was washed with prewarmed medium 199 and adipocytes were isolated in medium containing 0.6 mg/ml collagenase and 4 % BSA at 37°C for 1 h in a shaking water bath (∼ 120 rpm) and subsequently filtered through a nylon mesh. The adipocytes were again washed with fresh medium four times. The entire procedure lasted for approximately 1.5 h and short-term effects of insulin and other hormones present in vivo should be eliminated. Cell size and number were determined as previously reported [19] .
Lipolysis. Isolated cells were incubated at lipocrit 1-3 % in medium 199 containing 5.6 mmol/l glucose, 4 % BSA, ADA (1 U/ml) and PIA (1 m mol/l) and the indicated agents at 37°C for 1 h. The incubation was stopped by cooling on ice and adipocytes were rapidly separated from medium by centrifugation through silicone oil. Lipolysis was assessed by determining the glycerol content in the medium according to Bradley and Kaslow [20] . Briefly, glycerol was phosphorylated in the presence of glycerokinase and [g- Glucose uptake. For glucose uptake assessment, adipocytes (lipocrit 3-5 %) were preincubated as above but in medium without glucose for 15 min at 37°C in the presence or absence of bpV(pic) and/or insulin and subsequently 14 C-U-D-glucose (0.86 m mol/l) was added. After 1 h the glucose uptake was terminated by transferring cells and medium to prechilled tubes on ice. Adipocytes were then immediately separated by centrifugation through silicone oil. Cell-associated radioactivity was determined and remaining extracellular 14 C-U-D-glucose, assessed by adding the same amount of the isotope at the end of incubation, was subtracted. The cellular clearance of glucose Western blots of phosphotyrosine-containing proteins. The procedure was essentially performed as previously described [18] . Briefly, after the preincubation of cells with the indicated agents in medium 199 at 37°C for 15 min, the cells were separated from medium and lysed at 4 o C for 1 h in a solution containing 25 mmol/l Tris-HCI, 0.5 mmol/l EDTA, 25 mmol/l NaCl, 1 % NP-40, 10 mmol/l NaF, 0.2 mmol/l leupeptin, 1 mmol/l benzamidine, 2 mmol/l 4-(2-aminoethyl)-benzene sulphonylfluoride and 1 mmol/l sodium orthovanadate during vigorous rocking. Proteins (15 m g/lane) in whole cell lysates were separated by electrophoresis on a 10 % SDS-polyacrylamide gel, transferred to a nitrocellulose membrane and immunoblotted with a monoclonal antiphosphotyrosine antibody and a secondary horseradish peroxidase-labelled antibody. Immunoreactive proteins were visualized using the ECL kit and autoradiography films. The apparent molecular weights of the phosphopeptides were determined by comparison with protein standards.
Statistical analysis.
Statistical significance of differences was tested with Student's two-tailed t-test for paired data. Results are means ± SEM unless otherwise indicated.
Results
Lipolysis. Basal lipolysis was not different between the NIDDM and control groups (glycerol release per hour 1.3 ± 0.3 vs 1.1 ± 0.3 nmol/10 5 cells). In contrast, lipolysis stimulated with a high concentration of isoprenaline (1 m mol/l) or 8-br-cAMP (10 mmol/l) was reduced by approximately 40 % in NIDDM compared to control subjects ( Fig. 1 . Isoprenaline: 995 ± 288 % of basal lipolysis for NIDDM vs 1586 ± 346 % for control, n = 8. 8-br-cAMP: 1540 ± 238 % for NIDDM vs 2743 ± 415 % for control, n = 10).
In the presence of 5 mmol/l 8-br-cAMP both bpV(pic) (0.01-1 mmol/l) and insulin (0.6-600 pmol/ l) exerted a clear and similar concentration-dependent antilipolytic effect both in NIDDM and control cells ( Fig. 2A and B) . The maximal effects of bpV(pic) (1 mmol/l) and insulin (600 pmol/l) tended to be smaller in the NIDDM group than in control subjects, but this difference was not statistically significant (41 ± 12 vs 57 ± 6 % inhibition for bpV(pic) and 53 ± 16 vs 65 ± 12 % for insulin, n = 9, NS).
bpV(pic) also displayed a clear antilipolytic effect (∼ 50 % inhibition) in the presence of a stable, nondegradable cAMP analogue, N 6 -monobutyryl cAMP, in adipocytes from NIDDM patients (data not shown), similar to what was previously seen in control cells [18] .
Glucose uptake. Basal 14 C-U-glucose uptake in adipocytes was not different between the two groups (12.2 ± 2.1 vs 12.3 ± 2.5 fl ⋅ cell -1 ⋅ s -1 for NIDDM vs control). bpV(pic) increased glucose uptake both in control and NIDDM cells in a concentration-dependent manner, but at high concentrations (0.5 mmol/l or higher) this effect was attenuated and was completely absent at 5 mmol/l (Fig. 3) . Thus, the previously reported [18] biphasic dose-response curve for bpV(pic) action in normal cells was also found in the NIDDM cells and there were no consistent 5 cells) were in control cells: for 5 mmol/l 8-br-cAMP alone 16.1 ± 2.7; plus 600 pmol/l insulin 6.6 ± 1.7 or plus 1 mmol/l bpV(pic) 7.3 ± 1.9 and in NIDDM cells: 8-br-cAMP alone 13.1 ± 2.7; plus 600 pmol/l insulin 6.3 ± 1.1 or plus 1 mmol/l bpV(pic) 7.4 ± 1.3 differences between the groups in this respect. However, as shown in Figure 3 , the effect of bpV(pic) was clearly impaired in adipocytes from NIDDM patients compared to that in control cells (0.5 mmol/l bpV(pic): 162 ± 9 vs 241 ± 24 % of basal glucose uptake, n = 7, p < 0.05). The maximal insulin-stimulated glucose uptake was also reduced in NIDDM adipocytes compared to the control group (Fig. 4,  6 nmol/l insulin: 216 ± 16 vs 338 ± 46 % of basal glucose uptake, n = 9, p < 0.05). In the presence of a low concentration of bpV(pic) (0.01 mmol/l) the effect of insulin on glucose uptake was not consistently altered in either group (Fig. 4) and neither insulin sensitivity nor the maximal response was affected. This was also true when 0.005 or 0.05 mmol/l bpV(pic) was used (data not shown).
Protein tyrosine phosphorylation in adipocytes from NIDDM patients. Adipocytes obtained from NIDDM patients were preincubated with bpV(pic) alone or in combination with insulin. The cells were subsequently lysed and protein tyrosine phosphorylation was examined by immunoblots. bpV(pic) alone (0.005-0.05 mmol/l) markedly increased tyrosine phosphorylation of the insulin receptor b -subunit (∼ 5-15-fold increase compared to basal) and several other proteins including insulin receptor substrate-1 (IRS-1) in a concentration-dependent manner (Fig. 5A) . It also clearly amplified insulin-induced tyrosine phosphorylation of the insulin receptor b -subunit (∼ 3-6-fold increase compared to 0.3 nmol/l insulin treatment alone which caused ∼ 2-fold increase compared to basal) and other proteins (Fig. 5A ). In addition, the effect of insulin at different concentrations was also assessed. Insulin (0.06-6 nmol/l) mainly stimulated tyrosine phosphorylation of the insulin receptor b -subunit (∼ 95 kDa) as well as IRS-1 (∼ 185 kDa) in a concentration-dependent manner (Fig. 5B) . The insulin effect in all tested concentrations was again amplified in the presence of bpV(pic) by ∼ 2−3-fold. Concomitant glucose uptake experiments using adipocytes from the same NIDDM subjects confirmed that insulin-stimulated glucose uptake (full dose-response curve) was not enhanced in the presence of these concentrations of bpV(pic) (data not shown and Fig. 4 ). Corresponding experiments with cells from control subjects showed that the effect of bpV(pic) on tyrosine phosphorylation of the insulin receptor b -subunit, both in the presence or absence of insulin, was very similar to that found in adipocytes from NIDDM patients (data not shown). This is in agreement with previously reported results [8, 18] .
Discussion
An important topic in NIDDM pathophysiology is the regulation of lipolysis in adipose tissue. The present data clearly show an impairment in the b -adrenergic activation of lipolysis in adipocytes from NIDDM patients when compared to cells from strictly matched control subjects. Since the non-selective b -adrenergic receptor agonist isoprenaline as well as the degradable cAMP analogue 8-br-cAMP stimulated lipolysis to a lesser degree in NIDDM than in control cells, this impairment is located at the post-receptor level, probably downstream cAMP formation, e. g. involving protein kinase A or hormone-sensitive 14 C-U-D-glucose was then added. After 1 h the cell-associated radioactivity was determined. Data are means ± SEM and were obtained from 7-9 separate experiments. * p < 0.05 compared to the corresponding point of the NIDDM group [21] . Interestingly, a blunted activation of lipolysis in vitro has also been found in insulin-resistant patients with abdominal obesity [22] and also in other states associated with insulin resistance such as familial combined hyperlipidaemia [23] .
Being a potent PTP inhibitor [8] , peroxovanadate (pV) is interesting as a potential agent for the treatment of diabetes [1, 4] . The present study in vitro demonstrated that bpV(pic) exerted a marked inhibition of lipolysis in NIDDM adipocytes, similar to that in cells of control subjects. The mechanisms for the antilipolytic effect of pV have not been completely clarified. There is evidence indicating that cAMP degradation via the cGMP-inhibitable phosphodiesterase (cGI-PDE) is important for the antilipolytic effect of vanadate [24] , similar to that of insulin [25, 26] . However, this cannot be the sole mechanism for the effect of pV since also lipolysis stimulated by the non-degradable cAMP analogue, N 6 -monobutyryl cAMP, was inhibited by bpV(pic) as was also previously reported in cells from control subjects [18] . Thus, the finding that bpV(pic) exerted an equivalent antilipolytic effect in NIDDM and control cells may suggest that both cGI-PDE and additional mechanisms involved in antilipolysis are intact in NIDDM adipocytes.
Furthermore, the antilipolytic effect of insulin was not clearly impaired in NIDDM adipocytes suggesting that this action of insulin is not primarily perturbed at the cellular level as also proposed by an earlier study [12] . These results also suggest that the effect of insulin to increase cGI-PDE activity, which is a central mechanism for its antilipolytic effect [25, 26] , is not impaired. However, these results do not exclude the possibility of an impaired antilipolytic effect of insulin in vivo due to the complex regulation of ambient lipolysis with several interacting neural, hormonal and cellular events [27, 28] . Previous reports regarding the antilipolytic effect of insulin both in vitro and in vivo in diabetes are quite controversial, probably due to the differences in patient selection, treatment regimens, metabolic control and methodology [14] [15] [16] .
bpV(pic) exerted a clear effect on glucose uptake, but this effect, similar to that of insulin, was apparently impaired in cells from diabetic patients. Since pV acts at the post-insulin-binding level in human fat cells [18] , post-binding defects as well as a reduced amount of glucose transporter GLUT4 [29] are possible explanations for this abnormality. Furthermore, the impairment in glucose uptake stimulation for both pV and insulin suggests that they share common signalling pathways as does the finding that pV was unable to overcome insulin resistance. These findings may also suggest that the impairment of the insulin effect on glucose uptake, in contrast to the intact antilipolytic effect of insulin, is an intrinsic defect in adipocytes from diabetic patients. However, this is not necessarily a primary event but could also be secondary to the diabetic state. The blunted insulin effect on glucose uptake in peripheral insulin-sensitive tissues including fat is a common finding in NIDDM patients [17] . According to previous results, an underlying mechanism in adipocytes may be the impaired ability of insulin to stimulate tyrosine phosphorylation of insulin-signalling proteins including the insulin receptor itself [17, 30, 31] . Such an impairment in tyrosine phosphorylation is expected to result in a decreased insulin sensitivity vis-à -vis glucose transport activation, whereas the maximal insulin response could be left intact due to "spare tyrosine kinase capacity" [30] . However, the present data clearly show a potent enhancing effect of pV on insulin-stimulated protein phosphorylation without any accompanying effect on insulin-stimulated glucose uptake with respect to both insulin sensitivity or responsiveness. This is in contrast to the results obtained in rat adipocytes where vanadate and pV can improve insulin sensitivity [6, 7, 32] , probably due to that in rat, but not human, adipocytes, vanadate and pV can enhance binding of insulin to cell surface receptors [6, 18] . The discrepancy between the effects of pV on insulin-stimulated protein tyrosine phosphorylation and glucose uptake indicates that insulin-resistant glucose uptake in NIDDM is not merely caused by phosphotyrosinerelated mechanisms. If this was the case, insulin-stimulated glucose uptake would then be expected to improve in the presence of bpV(pic) leading to an enhanced tyrosine phosphorylation of the insulin receptor as well as other insulin signalling peptides including IRS-1. This also supports the concept of spare capacity in tyrosine kinase activity [18, 30] . However, the effect of pV on protein tyrosine phosphorylation seems to be much less specific compared with that of insulin. Possibly, the tyrosine phosphorylation of some of the proteins that become phosphorylated in response to bpV(pic) may attenuate the insulin signal and its effect on glucose uptake. In addition, other mechanisms such as the total number of GLUT4 glucose transporters [29] and their functional insertion in the plasma membrane [33] may be critical for the regulation of glucose uptake in diabetic adipocytes.
In summary, the present study on adipocytes from NIDDM patients shows that lipolysis in response to b -adrenergic stimulation was impaired probably due to defects distal to the formation of cAMP. The peroxovanadium compound bpV(pic) displayed clear insulin-like effects on lipolysis and glucose uptake. Although tyrosine phosphorylation of insulin signalling proteins was markedly increased by bpV(pic), its effect on glucose uptake was impaired in NIDDM cells and low concentrations of bpV(pic) did not improve insulin sensitivity suggesting that insulin-resistant glucose uptake in NIDDM is not merely caused by perturbation in tyrosine kinase activity and subsequent tyrosine phosphorylation.
